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O v e r a l l  P r o g r e s s  
During t h e  las t  q u a r t e r l y  p e r i o d  the second phase  o f  t h e  c o n t r a c t ,  t h a t  o f  
d e t e r m i n i n g  t h e  i n f l u e n c e s  and l i m i t a t i o n s  o f  t h e  f o u r  p r o p e r t i e s , f o u n d  i n  t h e  
f i r s t  phase  t o  have t h e  most s i g n i f i c a n t  e f f e c t  upon t h e  s u r f a c e  r e c e s s i o n  of  
s i l i c a  c l o t h / p h e n o l i c  r e s i n ,  g r a p h i t e  c l o t h / p h e n o l i c  r e s i n  and g r a p h i t e  c l o t h / e p o x y  
r e s i n  mater ia ls ,  was comple t ed .  I n  a d d i t i o n ,  n e a r l y  a l l  o f  t h e  d e t a i l e d  numer i ca l  
c a l c u l a t i o n s  f o r  t h e  e v a l u a t i o n  o f  t h e  m a t e r i a l  per formance  f o r  Phase  111 have 
been comple ted .  The comple t ion  of  t h i s  c a l c u l a t i o n  w a s  d e l a y e d  u n t i l  a f t e r  t h e  
March 10 mee t ing  w i t h  t h e  NASA Lewis Research  c e n t e r  P r o j e c t  Manager s i n c e  t h e r e  
were some q u e s t i o n s  c o n c e r n i n g  t h e  method of ca l cu la t ing  t h e  s u r f a c e  r e c e s s i o n  of t h e  
s i l i c a  c l o t h / p h e n o l i c  r e s i n  m a t e r i a l .  The approach  b e i n g  used  t o  p r e d i c t  t h e  r e c e s -  
s i o n  r a t e  i s  one i n  which t h e  s u r f a c e  t empera tu re  i s  a l l o w e d  t o  r e a c h  a maximumvalue 
e q u a l  t o  t h e  m e l t i n g  t e m p e r a t u r e  o f  t h e  s i l i c a  m a t e r i a l .  A f t e r  which m e l t i n g  w i l l  
t a k e  p l a c e  u n t i l  t h e  r e c e i v e d  h e a t  f l u x  a t  t h e  s u r f a c e  d r o p s  below t h e  the rma l  r a d -  
i a t i o n  v a l u e  c o r r e s p o n d i n g  t o  t h e  m e l t  t e m p e r a t u r e .  During t h e  m e l t i n g  p r o c e s s  t h e  
amount of  t he rma l  energy  a b s o r b e d  p e r  pound o f  m a t e r i a l  m e l t e d  i s  e q u a l  t o  t h e  l a t e n t  
h e a t  of  f u s i o n  of s i l i c a .  T h i s  approach  of  pred ic t ing  t h e  s u r f a c e  r e c e s s i o n  of  
s i l i c a  c l o t h  h a s  been v e r i f i e d  by a number of  ground t e s t s .  
The p r imary  o b j e c t i v e  of  theEhase  11 s t u d y  was t o  d e t e r m i n e  t h e  v a r i a t i o n  i n  
the rma l  p r o p e r t i e s  r e s u l t i n g  from p r o c e s s i n g  and f a b r i c a t i o n  t e c h n i q u e s  - - -  namely , 
due t o  changes  i n  l a m i n a t i o n  a n g l e ,  r e s i n  c o n t a c t ,  d e n s i t y ,  and  l o t - t o - l o t  v a r i a t i o n  
- - -  upon s i l i c a  c l o t h / p h e n o l i c  r e s i n ,  g r a p h i t e  c l o t h / p h e n o l i c  r e s i n ,  and g r a p h i t e  
c l o t h / e p o x y  r e s i n  m a t e r i a l s .  The e f f o r t  was p r i m a r i l y  accompl ished  by conduc t ing  
an  e x t e n s i v e  l i t e r a t u r e  s e a r c h  of e x i s t i n g  d a t a ,  g e n e r a t e d  by b o t h  government and i n -  
d u s t r y  sponsored  e f f o r t s .  
C e r t a i n  prominent  t r e n d s  and p e c u l i a r i t i e s  a r e  d i s c e r n i b l e  from t h e  v a r i a t i o n s  
i n  t h e r m a l  c o n d u c t i v i t y  and  s p e c i f i c  hea t  c o e f f i c i e n t s  due t o  changes i n  t h e  above  
ment ioned  pa rame te r s  shown i n  f i g u r e s  1 th rough  4 .  F i g u r e  3 i l l u s t r a t e s  t h a t  i n  
g e n e r a l ,  a n  i n c r e a s e  i n  t h e  r e s i n  c o n t e n t  of  t h e  g r a p h i t e - p h e n o l i c  l a m i n a t e s ,  
keep ing  Laminat ion a n g l e  c o n s t a n t ,  dec reased  Che the rma l  c o n d u c t i v i t y .  For exemple ,  
a n  i n c r e a s e  i n  r e s i n  from 30 p e r c e n t  t o  50 p e r c e n t  (which c o r r e s p o n d s  t o  a n  
d e c r e a s e  i n  d e n s i t y )  d e c r e a s e d  t h e  "C" ( a c r o s s  lamina and  "A" ( w i t h  lamina)  
d i r e c t i o n  ( s e e  F i g u r e  10) c o n d u c t i v i t i e s  by 40 p e r c e n t  and 25  p e r c e n t ,  r e s p e c t i v e l y  
Thic chcayi:zt icn r.'?' n n t e d  hy C .  D .  Pears i n  r e f e r e n c e  12.  Tab le  3 i d e n t i f i e s  
t h e  d a t a  p l o t t e d  i n  f i g u r e  3 w i t h  r e s p e c t  t o  l a m i n a t i o n  a n g l e ,  r e s i n  c o n t e n t ,  d e n s i t y  
and  s o u r c e  of  i n f o r m a t i o n .  T h i s  dependence o f  t h e r m a l  c o n d u c t i v i t y  upon changes  i n  
r e s i n  c o n t e n t  ( o r  d e n s i t y )  may w e l l  e x p l a i n  t h e  s c a t t e r  o b t a i n e d  on specimens 
machined w i t h i n  a g iven  p a n e l  s i n c e  t h e  r e s i n  c o n t e n t  can v a r y  s i g n i f i c a n t l y  w i t h i n  
t h e  p a n e l .  
The above c o r r e l a t i o n  between c o n d u c t i v i t y  and r e s i n  c o n t e n t  ( o r  d e n s i t y )  i s  
n o t  n o t i c e a b l e  w i t h  s i l i c a  p h e n o l i c  ( f i g u r e  1 ) .  I n  f a c t  t h e r e  i s  no t r e n d  wha t soeve r .  
I t  can  t h e r e f o r e  be concluded  t h a t  o t h e r  masked v a r i a b l e s  i n f l u e n c e  t h e  c o n d u c t i v i t y  
o f  silica-phenolic.Although t h e r e  i s  c o n s i d e r a b l e  knowledge i n  f a b r i c a t i o n  methods ,  
t e s t  methods  and s t a n d a r d s  va ry  wi th  vendors ,  t h e r e b y  n e c e s s i t a t i n g  a s t a n d a r d  
method o f  d e t e r m i n i n g  r e s i n  c o n t e n t  more a c c u r a t e k y .  
- 1- 
F i g u r e s  2 and  4 show h a r d l y  any v a r i a t i o n  i n  s p e c i f i c  h e a t  f o r  s i l i c a - p h e n o l i c  
o r  g r a p h i t e  p h e n o l i c ,  r e s p e c t i v e l y .  
The wide s p r e a d  i n  d e n s i t y  f o r  s i l i c a - p h e n o l i c  was much n a r r o w e r  f o r  g r a p h i t e -  
p h e n o l i c  - - -  - + 15 LB/FT3 v s .  L. 5LB/FT3. 
i m p r e g n a t i n g ,  a n d  l a m i n a t i n g  t h e  g r a p h i t e  web a r e  much more c r i t i c a l  t h a n  t h e  
e q u i v a l e n t  c o n t r o l s  i n  p r o c e s s i n g  t h e  s i l i c a  web ( r e f e r e n c e  1 3 ) .  
T h i s  i s  b e c a u s e  t h e  c o n t r o l s  on f a b r i c a t i n g ,  
Based on t h e  d a t a  p r e s e n t e d  i n  f i g u r e s  1 t h r o u g h  4 ,  nominal  v a l u e s  f o r  t h e  
t h e r m a l  c o n d u c t i v i t y  and  s p e c i f i c  h e a t  c o e f f i c i e n t s  o f  t h e  s u b j e c t  materials a r e  shown 
w i t h  a t o l e r a n c e  band i n  f i g u r e s  5 through 9 .  
The a v a i l a b l e  t h e r m a l  d a t a  on g r a p h i t e - e p o x y  i s  q u i t e  l i m i t e d .  T h e r e f o r e ,  
t h e  nominal  v a l u e s  o f  t h e r m a l  c o n d u c t i v i t y  and s p e c i f i c  h e a t  a r e  based  on p r e v i o u s  
e x p e r i e n c e s  w i t h  t h i s  ma te r i a l ,  which i s  t h e  r e a s o n  f o r  assuming t h a t  t h e  c o n d u c t -  
i v i t y  and s p e c i f i c  h e a t  o f  g r a p h i t e - e p o x y  are  t h e  same as t h a t  o f  g r a p h i t e - p h e n o l i c  
w i t h  one e x c e p t i o n  ( r e f e r e n c e  9 ) .  I t  can be s e e n  from f i g u r e s  7 a n d  9 t h a t  t h i s  
e x c e p t i o n  i s  i n  t h e  r e g i o n  o f  p a r t i a l  d e c o m p o s i t i o n ,  i . e .  where t h e  v i r g i n  and 
c h a r r e d  p o r t i o n s  o f  t h e  c u r v e  a r e  connec ted .  Here t h e  t h e r m a l  c o n d u c t i v i t y  o f  
g r a p h i t e - e p o x y  h a s  a s t e e p e r  slop t h a n  t h a t  o f  g r a p h i t e - p h e n o l i c .  T h i s  i s  because  
t h e  epoxy r e s i n  decomposes a t  a p p r o x i m a t e l y  600°F, l o s i n g  a b o u t  80% of i t s  i n i t i a l  
w e i g h t  a t  800°F. 
hand ,  e x t e n d s  o v e r  a w i d e r  t e m p e r a t u r e  r a n g e  and  &composes a t  a p p r o x i m a t e l y  700°F 
l o s i n g  a b o u t  47% of  i t s  i n i t i a l  we igh t  a t  120O0F. 
The r e g i o n  o f  decompos i t ion  of  t h e  p h e n o l i c  r e s i n  on t h e  o t h e r  
- C o n c l u s i o n s  : 
A s  a r e s u l t  o f  t h i s  s t u d y ,  t h e  f o  
( 1 )  T o l e r a n c e s  o f  50%, 80% 
d a t a  on s i l i c a  p h e n o l i c ,  g r a p h i t e  
lowing c o n c l u s i o n s  were o b s e r v e d :  
- 4 80% a r e  a s s i g n e d  t o  t h e r m a l  c o n d u c t i v i t y  
p h e n o l i c ,  a n d  g r a p h i t e  epoxy ,  r e s p e c t i v e l y .  
i 2 i  T o l e r a n c e s  o f  f 15"/, i ?e"/, - 1 2c)% a r e  assigned t o  s p e c i f i c  h e a t  d a t a  
on s i l i c a  p h e n o l i c ,  g r a p h i t e  p h e n o l i c ,  a n d  g r a p h i t e  epoxy,  r e s p e c t i v e l y .  
( 3 )  Therm21 c o n d u c t i v i t y  of  the materials i n  t h i s  s t u d y  are  more dependen t  
upon l a m i n a t i o n  a n g l e  than  on t h e  r e s i n  o r  f i b e r  c o n t e n t .  
( 4 )  O r i e n t a t i o n  a n g l e  does  n o t  a f f e c t  s p e c i f i c  h e a t  c o e f f i c i e n t s .  
( 6 )  
i n t e r r e  l a t i o n s h i p .  
L o t - t o -  l o t  v a r i a t i o n  o f  t h e r m a l  p a r a m e t e r s  masks o u t  a n y  p r o p e r t y  
( 7 )  S i l i c a  p h e n o l i c  h a s  t h e  lowest  t h e r m a l  c o n d u c t i v i t y  and s p e c i f i c  h e a t  
c o e f f i c i e n t s .  
( 8 )  
t h i c k n e s s  d i r e c t i o n ,  t h e r e b y  e x p l a i n i n g  t h e  22% d i f f e r e n c e  i n  t h e r m a l  c o n d u c t -  
i v i t y  o f  g r a p h i t e  p h e n o l i c  specimens o f  i d e n t i c a l  compos i t ion  i n  t h e  warp 
a n d  t h i c k n e s s  d i r e c t i o n .  
Heat f l o w s  more e a s i l y  a l o n g  t h e  warp d i r e c t i o n  t h a n  a l o n g  t h e  f i l l  o r  
- 2- 
Based on t h e  c o n c l u s i o n s  o f  t h e  Phase 11 i n v e s t i g a t i o n  t h a t  t h e  v a r i a t i o n s  o f  
t h e  t h e r m a l  p a r a m e t e r s  ( d e n s i t i e s ,  s p e c i f i c  h e a t  a n d  t h e r m a l  c o n d u c t i v i t i e s )  a r e  more 
dependen t  on l a m i n a t i o n  a n g l e s  t h a n  on t h e  r e s i n  o r  f i b e r  c o n t e n t .  The p a r a m e t e r s  
found t o  have  a major  e f f e c t  on t h e  s u r f a c e  r e c e s s i o n  r a t e ,  s u c h  as m e l t i n g  t e m p e r a t u r e  
of  t h e  s i l i c a  f i b e r s  and  t h e s l r f a c e  r e a c t i o n  c o n s t a n t s  of  t h e  c a r b o n a c e o u s  c h a r ,  
a r e  i n d e p e n d e n t  of  t h e  c h a r  o r  v i r g i n  p l a s t i c  d e n s i t i e s ,  t h e r m a l  c o n d u c t i v i t y ,  o r  
a c t i v a t i o n  e n e r g y .  The a c t i v a t i o n  ene rgy  i s  o n l y  a f u n c t i o n  o f  t h e  r e s i n  material 
a n d  n o t  dependen t  on t h e  o t h e r  p a r a m e t e r s  of  i n t e r e s t .  T h e r e f o r e ,  i t  a p p e a r s  
t h a t  e a c h  o f  t h e  p r o p e r t i e s  unde r  c o n s i d e r a t i o n  w i t h i n  Phase  111 of  t h i s  c o n t r a c t  i s  
i n d e p e n d e n t  o f  t h e  o t h e r s .  The material pe r fo rmance  d u r i n g  P h a s e  111 was c a l c u l a t e d ,  
a l l o w i n g  e a c h  o f  t h e  p r o p e r t i e s  g i v e n  i n  T a b l e s  5, 6 and 7 
e n t i r e  r a n g e .  The r ema in ing  p r o p e r t i e s  r e q u i r e d  f o r  t h e  a n a l y t i c a l  e v a l u a t i o n  o f  t h e  
a b l a t i o n  pe r fo rmance  are  t a b u l a t e d  i n  Tab le  8 
t o  v a r y  o v e r  t h e i r  
Work t o  be Pe r fo rmed  Next Month 
The s t e a d y  s t a t e  s u r f a c e  r e c e s s i o n  r a t e s  o f  e a c h  o f  t h e  materials unde r  i n v e s t -  
i g a t i o n  w i l l  be p l o t t e d  as  a f u n c t i o n o f  t h e  f o u r  p a r a m e t e r s .  The p o s s i b i l i t y  of  p r e s -  
e n t i n g  t h e  f i n a l  i n f o r m a t i o n  i n  the form o f  a nomograph w i l l  be i n v e s t i g a t e d .  
C u r r e n t  Problems 
No p rob lems  have been e n c o u n t e r e d  t o  d a t a .  
- 3 -  
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T a b l e  8 - NOMINAL PROPERTY VALUES FOR REKAP ANALYSIS 
PROPERTY SILICA CLOTH/ GRAPHITE CLOTH/ GRAPHITE CLOTH/ 
PHENOLIC RESIN PHENOLIC RESIN - EPOXY RESIN 
Heat of G a s i f i c a t i o n  
(BTU / 1 b )  
5 5 0  5 50 5 50 
C o l l i s i o n  Frequency  
( l / s e c )  
A c t i v a t i o n  Energy 
( B t u / l b )  48600 3 7 5 0 0  Tab le  5 
M e l t i n g  Tempera ture  o f  
F i b e r s  ( O R )  Tab le  5 
7 1  
T a b l e  6 
T a b l e  6 
T a b l e  7 
T a b l e  7 Heat of  V a p o r i z a t i o n  of  
R e i n f o r c i n g  F i b e r s  
(Btu  / 1 b )  
Wall E m i s s i v i t y  .65 .8  .8 
Recovery Tempera tu re  
a )  N204/Aerozine 5 0  
( O R )  
4 5 0 0  
- - -  
- - -  
5000 
- - -  
5000 b )  OF21B2H6 
Fi lm C o e f f i c i e n t  
(Btu  / f t 2secoR 1 
a) 1 . 2  i n .  d i a .  T h r o a t  . 2 9 4  
. 2 2  
. 7 5  
.425  
- - -  
. 7 5  
.425 
- - -  
.75 
b )  7 . 8 2  i n . d i a .  T h r o a t  
S p e c i f i c  Heat cf = 
A b l a t i o n  Gases 
(Btu  / 1 boR 1 
Molecu la r  Weight of 
A b l a t i o n  Gases 
30 30 
T a b l e  6 
3 0  
T a b l e  7 V i r g i n  P l a s t i c  D e n s i t y  
( l b / f t 3 )  
T a b l e  5 
Char  D e n s i t y  ( l b / f t 3 )  
Thermal  C o n d u c t i v i t y  
( B t u / f t  sec°F)  
S p e c i f i c  Heat ( B t u / l b )  
Orde r  of R e a c t i o n  
9 2  
F i g u r e  5 
T a b l e  6 
T a b l e  6 
T a b l e  7 
T a b l e  7 
T a b l e  5 
2 
F i g u r e  8 F i g u r e  8 
r. 2 L 
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